Introduction
Gene expression in striatal medium spiny neurons (MSNs) is altered in a number of neuropsychiatric diseases, e.g., Huntington's disease (HD). There is dysregulation in the expression of ubiquitous and striatal-enriched transcription factors (TFs) in the caudate nucleus in multiple HD mouse models and human HD subjects, which may contribute to the downregulation in the expression of striatal-enriched proteins (Luthi-Carter et al., 2000 Zucker et al., 2005; Hodges et al., 2006; Thomas et al., 2011) . However, these TFs and their targets, i.e., markers of terminally differentiated MSNs, have not been linked.
MSNs are GABAergic and contribute to regulation of movement, organization of motor behavior, and cognition (Gerfen, 1992; Jain et al., 2001; Graybiel, 2005) . They project to the globus pallidus or substantia nigra (Gerfen and Young, 1988) , and they receive glutamatergic synaptic inputs from the cerebral cortex and dopaminergic afferents from the substantia nigra and ventral tegmental area (Parent and Hazrati, 1995) . DARPP-32 (dopamine and adenosine 3Ј, 5Ј-cAMP-regulated phosphoprotein, 32 kDa), a central mediator of signal transduction pathways in the dopaminoceptive MSNs, is expressed in Ͼ90% of striatal MSNs and is the most commonly used marker of this mature neuronal subtype (Gustafson et al., 1992; Ouimet et al., 1998; Greengard et al., 1999; Svenningsson et al., 2004) . Identification of the molecular mechanisms that regulate DARPP-32 expression will aid in a rational design of therapeutic strategies to modulate expression of DARPP-32 and likely other striatal-enriched genes, either in neuropathological conditions of the striatum or for the induction of a striatal phenotype in stem cells.
A number of TFs that regulate neurogenesis, migration, and differentiation of MSNs have been identified, including Dlx1, Dlx2, Dlx5, Dlx6, Nolz-1, Isl-1, Mash1, bcl11b/CTIP2, and Gsh1/2. They are present during embryonic development and are essentially undetectable after the first postnatal week, with the exception of CTIP2 (Jain et al., 2001; Chang et al., 2004; Arlotta et al., 2008) . None of these has been demonstrated to bind to Ppp1r1b sequences or to be sufficient for induction of DARPP-32 during development or in the adult.
We demonstrated that the promoter and intragenic regions of DARPP-32, collectively termed D9 (genomic elements from DARPP-32 encompassing 9 kb), selectively direct transgene expression to MSNs (Bogush et al., 2005; Brown et al., 2008) , whereas the 2.1 kb of 5Ј UTR sequence alone does not direct expression to any region of the CNS (Blau et al., 1995) . In this study, we sought to characterize the function of a region in intron IV of the Ppp1r1b gene, also known as H10. Our interest in this particular sequence arose from its high conservation among species and its location in a region of the DARPP-32 gene that is included in D9 (Bogush et al., 2005) . After the identification of multiunit complexes between H10 and striatal nuclear proteins, the protein-binding site was determined. We found that the TF early growth response-1 (Egr-1) binds to H10 in vitro and in vivo. Importantly, we report that Egr-1 is sufficient to induce DARPP-32 expression in vitro and is required for the induction of DARPP-32 by brain-derived neurotrophic factor (BDNF).
Materials and Methods
Phylogenetic analysis of Ppp1r1b intronic sequences. The mouse and human genomic sequences of Ppp1r1b were retrieved from the National Center for Biotechnology Information (NCBI) GenBank database. These gene sequences were aligned pairwise (mouse vs human) using BLAST (basic local alignment search tool; bl2seq) at NCBI website with the following parameters: word size ϭ 11; reward for match ϭ 1; penalty for mismatch ϭ Ϫ2; gap open penalty ϭ 5; gap extension penalty ϭ 2; gap ϫ_dropoff ϭ 50; and low-complexity filter checked. Only those alignments in the intronic regions (mouse) with Ͼ70% sequence homology were considered for additional analysis. The mVISTA program (Frazer et al., 2004) was used for comparative sequence analysis of the Ppp1r1b gene across species (mouse, rat, human, orangutan, dog, and horse). F10A (75%) and H10 (91%), two of the most highly conserved sequences, were chosen to conduct this study. "H" is for homology and is the species homology; "F" includes the search of other striatal-enriched genes and stands for "family." Sequences are as follows: F10A, 5Ј-TTTTATTGCCTGGGTAGC TTACCCACAGGCAGC-3Ј; and H10, 5Ј-AGCCGCCCACACTGTTCC TTTCC-3Ј.
Preparations of nuclear and cytoplasmic extracts. For preparation of extracts from brain tissue, mice of either sex were killed by CO 2 asphyxiation, and brain regions were rapidly dissected. Nuclear and cytoplasmic extracts were prepared as described previously (Schreiber et al., 1989) .
Electrophoretic mobility shift assay and super-shift assays. Doublestranded oligonucleotides (Integrated DNA Technologies) were prepared in annealing buffer (in mM: 20 Tris, 10 MgCl 2 , 50 NaCl, and 1 DTT) to a final concentration of 5 M. The double-stranded DNA fragments were labeled with [␥-
32 P]ATP and T4 polynucleotide kinase and purified with Illustra Microspin G-25 columns (GE Healthcare). Each electrophoretic mobility shift assay (EMSA) reaction (25-30 l) contained 5-10 g of nuclear proteins, 2 g poly(dI-dC), and 32 P-labeled DNA probe in 1ϫ binding buffer (10 mM HEPES, pH 7.9, 30 mM KCl, 1.2% glycerol, 0.5 mM DTT, 1 mM MgCl 2 , 0.2 mM PMSF, and 0.1 mM EDTA, pH 8). For competition experiments, 100ϫ excess unlabeled oligonucleotides were added before the addition of the labeled probe and incubated for 30 min at 4°C. The protein-DNA complexes were separated on native 6% polyacrylamide gels in 0.5ϫ Tris borate/EDTA running buffer at 200 V for 2 h. The gels were dried and exposed on phosphor-screens (GE Healthcare) using the Typhoon-Trio (GE Healthcare). For super-shift assays, 5 g of rabbit ␣-Egr-1 antibody, clone 588 (sc-110X; Santa Cruz Biotechnology), rabbit polyclonal ␣-SRF antibody, clone G-20 (sc-335; Santa Cruz Biotechnology), mouse ␣-Sp1 antibody, clone 1C6 (sc-420; Santa Cruz Biotechnology), or rabbit polyclonal ␣-Egr-2 antibody (PRB-236P; Covance) were added to each reaction and incubated for 30 min at 4°C before the addition of the 32 P-labeled H10 probe. The following sequences were used: putative Sp1 binding site upstream (in bold) of H10 (Ppp1r1b), 5Ј-GTC CTT GTT CCC TCC CCG CCT TGC GTC TTT GGG AAG CCG CCC ACA CTG TTC CTT TCC-3Ј (in which the Sp1 and Egr-1 binding sites are underlined); Drd3, 5Ј-CTGTGTTCGCCCACAGTCATAT-3Ј; Baiap2, 5Ј-CC CGCACCGCCCACACCCCGCG-3Ј; Ppp1r16b, 5Ј-CCCACTCCGCCCA CAGCTCTTG-3Ј; Klf16, 5Ј-TGGGGTGTGTGGGCGTGTCGCG-3Ј; Penk1, 5Ј-GTTGGGTTGTGGGCGGGGCTCA-3Ј; Ppp1r1b (5Ј UTR), 5Ј-CGCACCAAGCCCACACATGTGA-3; Cpne2, 5Ј-CGCTTCCCGCCCA CATCCTCCC-3Ј; and Stra13, 5Ј-CTCACAGACACCCGCTCTGAGG-3Ј (the putative Egr-1 binding sites are underlined).
Southwestern blot analysis. Nuclear proteins (200 g) from either the brainstem or striatum were separated by SDS-PAGE (4 -12% Bis Tris) in MES running buffer (Invitrogen) for 1 h at 200 V and transferred to nitrocellulose membranes for 3 h at 30 V. Southwestern blot analysis was performed as per Handen and Rosenberg (1997) , with some modifications. The blots were incubated with 20 ml of 1ϫ renaturation buffer (10 mM Tris-Cl, pH 7.5, 0.1 mM EDTA, pH 7.5, 50 mM NaCl, 1 mM DTT, and 5% milk) for 2 h at room temperature and then prehybridized with 1ϫ hybridization buffer (10 mM HEPES and 5% nonfat dry milk) for 30 min at room temperature. Double-stranded H10 oligonucleotides (20 pmol) were end labeled with 32 P to specific activity of 2 ϫ 10 5 cpm/ng. The membranes were hybridized with 1ϫ binding buffer (10 mM HEPES, pH 7.9, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, and 0.25% nonfat dry milk) containing 30 g of poly(dI-dC) and 6 ng of radiolabeled probe (2 ϫ 10 5 cpm/ng) for 1 h at room temperature. The blot was washed three times with 1ϫ binding buffer for 20 min each, air dried, and exposed for autoradiography.
Affinity chromatography. Double-stranded, biotin-tagged (5Ј end of forward sequence) DNA oligonucleotides corresponding to the H10 or F10A sequences were prepared to a final concentration of 20 M (Integrated DNA Technologies). Nuclear extract from rat striatum or brainstem was used, and reactions were performed with 5 mg of nuclear proteins, after the determination that mouse and rat extracts yielded identical patterns on EMSA. Affinity chromatography was performed as described previously (Gadgil et al., 2001; Jiang et al., 2009; Minig et al., 2009 ) with modifications.
Nuclear extracts were precleared by incubation with 250 l of streptavidin agarose resin (Pierce) for 1 h at 4°C. To purify the proteins of interest from the precleared extract, we combined it with 1 mg of poly(dI-dC) (Sigma) as carrier DNA and 10 nmol double-stranded biotin-tagged H10 or F10A oligonucleotide as a control in 1ϫ binding buffer (10 mM HEPES, pH 7.9, 30 mM KCl, 1.2% glycerol, 0.5 mM DTT, 5 mM MgCl 2 , 0.2 mM PMSF, and 0.1 mM EDTA, pH 8) to allow the formation of the protein-DNA complexes in solution. As controls, we combined biotinylated F10A oligonucleotide with striatal tissue and H10 oligonucleotide with brainstem tissue. The reactions were incubated with gentle mixing for 15 min at 4°C, 15 min at room temperature, and then applied to the capture columns, which contained 250 l of streptavidin agarose resin (capacity of 197 pmol biotin/1 l resin). The column was washed five times with 1ϫ binding buffer to remove unbound DNA and protein and was then eluted with high-salt buffer at room temperature. The optimal elution condition for the H10-binding proteins as determined by EMSA was 2 M NaCl buffer (12% glycerol, 20 mM Tris, pH 6.8, 2 M NaCl, 5 mM MgCl 2 , 1 mM EDTA, and 1 mM EGTA) at room temperature. Eluted proteins were analyzed by mass spectrometry.
Mass spectrometry. The pH of all three protein samples was adjusted to 8.5 with 100 mM NH 4 HCO 3 . Proteins were reduced with 5 mM [tris(2-carboxyethyl)phosphine]hydrochloride at 37°C for 20 min and alkylated with 10 mM iodoacetamide for 30 min in the dark at room temperature. A Lys-C digestion (50 ng/sample) was performed for 4 h, followed by overnight trypsin digestion at 37°C (1:50 enzyme:substrate ratio). The digestion was quenched by adding trifluoroacetic acid (5%) to achieve a pH of 2-4. Samples were desalted with ZipTip C18 (Millipore). The eluate was dried down, and peptides were reconstituted with 0.1% formic acid in 2:98 acetonitrile (ACN) in H 2 O for liquid chromatography/tandem mass spectrometry (LC-MS/MS) analysis. A Waters NanoAcquity UPLC system was interfaced to a Thermo LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific). Reversed-phase LC was performed on a Waters BEH130 C18 column (100 m ϫ 100 mm, 1.7 m particle size). Samples were trapped and washed in a Waters Symmetry C18 trap column (180 m ϫ 100 mm, 5 m particle size) before separation in the nanocolumn. Gradient elution was performed with 0.1% formic acid in water as solvent A and in ACN as solvent B, with solvent B raised from 1 to 50% in 90 min, then 50 to 85% in the next 10 min at a flow rate of 0.6 l/min. The mass spectrometer was operated in positive mode with spray voltage at 2.5 kV, ion transfer tube voltage at 45 V, and ion transfer tube temperature at 170°C. A normalized collision energy of 35% and activation time of 30 ms were applied in MS/MS acquisitions. The top eight most intense ions were selected for fragmentation in the LTQ-Orbitrap mass spectrometer. The following dynamic exclusion settings were applied to precursor ions chosen for MS/MS analysis: repeat count, 1; repeat duration, 60 s; and exclusion duration, 240 s. MS/MS spectra were searched against the UniProtKB rat database (downloaded February 2011) using Sorcerer-SEQUEST (version 27, revision 11; Sage-N Research), Mascot (version 2.3.02; Matrix Science), X! Tandem (version 2007.01.01.1; The Global Proteome Machine Organization), and Scaffold (version 3.0.8; Proteome Software) algorithms (Perkins et al., 1999; Searle, 2010) . Searches were performed with full tryptic specificity (two missed cleavages): carbamidomethylated cysteine residues as static modification, deamidated asparagine and glutamine (ϩ0.9840 Da), and oxidized methionine, histidine, and tryptophan (ϩ15.9949 Da) as differential modifications. A precursor mass error tolerance of 10 ppm and default product ion mass error tolerance of above searching algorithms were used.
Chromatin immunoprecipitation assay. Chromatin immunoprecipitation (ChIP) assays were performed as described previously , with some modifications. Mouse striata equal to 100 mg wet weight were combined for each ChIP reaction. The tissue was fixed with 1% formaldehyde in PBS for 10 min at room temperature, and 2 M glycine was added at a final concentration of 0.125 M. After washing with PBS, the tissue was homogenized with 500 l of cell lysis buffer [10 mM HEPES, pH 8, 85 mM KCl, 0.5% NP40, and 1ϫ protease inhibitors cocktail (Roche)] on ice. Samples were centrifuged at 2700 ϫ g for 10 min, and the nuclear pellet was resuspended in 300 l of nuclei lysis buffer [1% SDS, 10 mM EDTA, pH 8, 50 mM Tris-8.0, and 1ϫ protease inhibitors cocktail (Roche)]. Chromatin was sheared into 200 bp-1 kb DNA fragments with a Branson Sonifier 450 (VWR scientific) 12-15 times at setting 3, duty cycle 50%, for 10 s per pulse, while placing the cells on an ice for 1 min between pulses. The samples were then centrifuged at 20,000 ϫ g at 4°C for 10 -15 min, and 10% of each sample was saved as input. For immunoprecipitation (IP) of Egr-1-DNA complexes, each sample was diluted 10 times with 1ϫ dilution buffer (1% Triton X-100, 150 mM NaCl, 2 mM EDTA, pH 8, 20 mM Tris-8.0, and 1ϫ protease inhibitors cocktail), followed by the addition of 6 g of rabbit Egr-1 antibody, clone 588 (sc-110X; Santa Cruz Biotechnology) or 6 g of rabbit IgG as a control and incubated overnight at 4°C. Seventy to 100 l of sheep antirabbit IgG beads (Dyna Beads; Invitrogen) were added, and the reactions were incubated overnight at 4°C. The beads were washed three times with low-salt buffer (1% Triton X-100, 0.1% SDS, 150 mM NaCl, 2 mM EDTA, pH 8, and 20 mM Tris-8.0, 1ϫ), two times with high-salt buffer (1% Triton X-100, 0.1% SDS, 500 mM NaCl, 2 mM EDTA, pH 8, and 20 mM Tris-8.0, 1ϫ), and one time with TE buffer (10 mM Tris, pH 8.1, 50 mM NaCl, and 1 mM EDTA) and eluted with 300 l of elution buffer (1% SDS and 0.1 M NaHCO 3 ) at 65°C for 10 min. To reverse the crosslinks, 5 M NaCl was added to a final concentration of 0.2 M, and 100 g of proteinase K was added to each sample and incubated at 65°C overnight, after which they were incubated with 1 g of RNase for 30 min at 37°C and Figure 2. H10 and F10A oligonucleotides interact in vitro with embryonic and adult striatal nuclear proteins. A, EMSA shows that 32 P-labeled F10A and H10 oligonucleotides bind with proteins in embryonic (E16 -17) and adult striatal nuclear extracts. The specificity of the complexes was determined by the addition of 100-fold excess of unlabeled F10A or H10 oligonucleotide as a competitor. * Refers to nonspecific complexes, i.e., not quenched by competitor. B, EMSA reveals the formation of complexes between H10 and nuclear extracts from adult striatum, hippocampus, cortex, cerebellum, and brainstem. then boiled for 15 min. DNA was purified for quantitative PCR analysis by QIAquick PCR purification kit (Qiagen).
Quantitative reverse transcription-PCR analysis. Primers were designed with PrimerExpress software (forward, 5Ј-CCCAGCCTTAACCCAG-TACTGTTC-3Ј; and reverse, Ͼ5Ј-TGGGCAAGTGGACTGTTCAGAT-3Ј) and analyzed with BLAT (basic local alignment tool) of the University of California, Santa Cruz genome browser. Quantitative reverse transcription-PCR was performed by SYBR Green-based real-time PCR using RT 2 SYBR Green qPCR Master Mixes (catalog #PA-012; SABiosciences) according to the instructions of the manufacturer. PCR products were detected by ethidium bromide on a Fujifilm LAS-3000 developer after electrophoresis on 1% Tris borate-EDTA agarose gel for 1 h at 60 V. For data analysis, the threshold cycles (Ct) of all replicates were averaged after dropping reactions with PCR inhibitors or a varying slope as determined from the melt and amplification curves. Each ChIP reaction Ct value was then normalized to the input DNA Ct value as follows: ⌬Ct
The percentage of DNA recovered from each IP reaction relative to the starting DNA was calculated as percentage input as follows: % input ϭ 2 [Ϫ⌬Ct (normalized ChIP)].
Cell culture and transient transfection. Striatal primary culture cells were prepared as described previously (Ivkovic and Ehrlich, 1997) . Mutation analysis of H10 identifies the sequence 5Ј-CGCCCACA-3Ј, or its complement, as the TF binding site. A, Sequences of 11 mutant (Mut) oligonucleotides generated from the H10 oligonucleotide by sequentially mutating 2 nt (underlined). B, EMSA using native H10 and 11 mutated H10 oligonucleotides with striatal nuclear proteins shows that mutated nucleotides 2-5 are required for TF binding. C, Unlabeled mutant oligonucleotides 2-5 are unable to compete for protein binding with the native radioactive H10 oligonucleotide. Each "cold" mutant was reacted with striatal nuclear proteins before the addition of the 32 P-labeled native H10. D, Oligonucleotides containing the sequence 5Ј-CGCCCACA-3Ј with the unique flanking sequences from each gene in the 5Ј UTR of Drd3, Baiap2, Ppp1r16b, and Cpne2 genes interact in vitro with striatal nuclear extract (NE) but not with brainstem. The band pattern is similar to that seen with H10 except for an additional, higher-molecular-weight complex (complex A). Complex B forms between complexes I and II with the Drd3, Baiap2, Ppp1r16b, and Cpne2 sequences and also intermittently with H10. E, Southwestern blotting (SW) determines that H10 striatal nuclear binding proteins range from 45 to 130 kDa.
Transfection was performed using electroporation (Amaxa Biosystems). Neurons were transfected with Egr-1-pIRES2-EGFP vector (Beck et al., 2008) immediately after dissociation, and electroporation was conducted using 4.0 ϫ 10 6 cells, 3 g of plasmid DNA, and 100 l of mouse neuron nucleofector solution.
Infection assays/viral transduction. Dominant-negative Egr-1 (adnEgr-1) constructs were in adenovirus (Kundumani-Sridharan et al., 2010) . Adenoviral infections were performed after cells had attached for 1-2 h. Virus was added in fresh medium, and cells were harvested after 96 h. BDNF (10 ng/ ml) was added concurrently with virus on the day of plating. Multiplicity of infection ranged from 100 to 250.
Immunocytochemistry and Western blot analysis. Both protocols were performed as described previously (Keilani and Sugaya, 2008) . Primary and secondary antibodies included the following: rabbit ␣-DARPP-32, clone 19A3 (2306; Cell Signaling Technology); mouse ␣-green fluorescent protein (GFP), clones 7.1 and 13.1 (11814460001; Roche); mouse ␣-WT-1, clone F-6 (sc-7385; Santa Cruz Biotechnology); mouse ␣-GAPDH, clone 6C5 (sc-32233; Santa Cruz Biotechnology); rabbit ␣-Egr-1, clone 588 (sc-110X; Santa Cruz Biotechnology); rabbit ␣-histone H3 antibody (09-838; Millipore); horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit IgG secondary antibodies at concentration of 1:10,000 (Vector Laboratories); and the secondary antibodies green fluorescent Alexa Fluor 488 and red fluorescent Alexa Fluor 594 (Invitrogen). Signals were detected by chemiluminescence using the enhanced chemiluminescence ECL system (Pierce) on a Fujifilm LAS-3000 developer. The densitometric value of each specific band was obtained using MultiGauge (Fujifilm) software and normalized to GAPDH.
Statistical analysis. Each data point represents triplicate experiments presented as mean Ϯ SEM. One-way ANOVA with Bonferroni's post hoc test was performed using GraphPad Prism version 5.00 for Windows (GraphPad Software). Significance are reported with a p Ͻ 0.05.
Results
Intron IV of the Ppp1r1b gene contains seven conserved sequences To begin to identify the cis-regulatory elements in the Ppp1r1b genomic elements (D9) that direct gene expression to MSNs (Bogush et al., 2005) , we performed an in silico analysis of D9. We identified 30 sequences longer than 11 nt that were Ͼ70% conserved across mouse, rat, human, orangutan, dog, and horse (data not shown). Seven of these non-overlapping conserved regions were located in intron IV. In Figure 1 , we show the location of two of the most highly conserved sequences, also known as F10A (75%) and H10 (91%).
H10 and F10A form complexes with striatal nuclear proteins in vitro
To determine whether H10 and F10A participate in the regulation of the Ppp1r1b gene, we searched each sequence for TF binding sites using MatInspector from Genomatix. Putative sites in F10A matched those for GCM1 (glial cells missing homolog 1) and AP2 (activator protein 2), whereas putative sites in H10 Crosswise comparison of the proteins identified from the Striatum-H10 reaction to the ones identified from the two control columns, Striatum-F10A and Stem-H10, to eliminate the common proteins. This refinement reduced the number of the proteins of interest down to 36. * Indicates proteins with a reported function in gene transcription.
matched those for GREs (glucocorticoid responsive and related elements) (Fig. 1) . On EMSA, the H10 oligonucleotide formed DNA-protein complexes in equal levels with both embryonic and adult striatal nuclear extract (Fig. 2 A, lanes 11, 13) . These complexes did not form with the embryonic (Fig. 2 A, lane 9) or adult ( Fig. 2 B, lane 2) cytoplasmic extract and were depleted on competition with 100-fold molar excess of unlabeled H10 oligonucleotide ( Fig. 2 A, lanes 10, 12, 14) . Conversely, F10A formed specific, high-intensity protein complexes with embryonic striatal nuclear proteins but at very low intensity with adult striatal nuclear proteins (Fig. 2 A, lanes 4, 6) . Because we are interested in understanding the regulation of DARPP-32 and MSN-specific expression in both embryonic and adult striatum, we focused this study on H10, with F10A as a control in some assays. To determine whether the H10 -protein complexes are striatal specific, we repeated the EMSA with nuclear extracts from adult striatum, hippocampus, cortex, cerebellum, and brainstem (Fig. 2 B) . Complexes I-IV were of markedly greater intensity with nuclear proteins from forebrain regions relative to brainstem. Unlike in most H10 gel shifts with striatal extract, complex I was of lower intensity relative to other forebrain regions. It was the only complex visible with cerebellar extract (Fig. 2 B, lane 12) . We concluded that the TF(s) complexing with H10 are widely expressed throughout the forebrain. At least one of them is present in cerebellum, and, if they are expressed in brainstem, they are undetectable by EMSA.
H10 contains a novel GC-rich protein-binding site
To determine the precise protein-binding nucleotides in H10, we used EMSA to perform a mutation analysis. H10 variants were created by sequentially mutating 2 nt, resulting in a total of 11 novel sequences (Fig. 3A) . Mutant 2 showed lower affinity for the H10-binding proteins relative to the endogenous sequence (Fig. 3B , lane 6), whereas mutants 3-5 failed to complex with striatal nuclear extract (Fig.  3B, lanes 7-9) . The new complex with mutant 3 likely resulted from the generation of a non-physiologic binding site and was not further investigated (Fig. 3B, lane  7) . Conversely, mutant 2 partially competed with 32 P-labeled native H10 oligonucleotide (Fig. 3C, lane 5) , whereas mutants 3-5 were totally unable to compete (Fig. 3C, lanes 6 -8) . We concluded that the sequence 5Ј-CGCCCACA-3Ј or 5Ј-TGTGGGCG-3Ј is the protein-binding site in H10. The presence of multiple complexes derived from TF binding to such a short, single sequence within H10 suggests that multiple TFs likely compete for this binding site. Based on the knowledge that each striatal TF participates in the regulation of multiple genes, we searched for the sequence 5Ј-CGCCCACA-3Ј in the 1 kb 5Ј UTR upstream from the transcription start site of 49 striatal-enriched genes and 49 nonstriatal genes . We found that this sequence is found significantly more frequently in the promoters of striatal-enriched genes (8 of 49) relative to genes not enriched in the striatum (2 of 49) (Fisher's test, one-tailed, p ϭ 0.045). Although we did not search in the introns, we hypothesize that we would have found similar results. We generated oligonucleotides that included 7 nt upstream and 7 nt downstream of the core sequence (sequences are detailed in Materials and Methods) and . Super-shift assay demonstrates that Egr-1 binds to H10 and to oligonucleotides derived from the 5Ј UTR of Baiap2, Ppp1r16b, Klf16, and Cpne2 and containing the H10 binding site 5Ј-CGCCCACA-3Ј. A, The addition of ␣-Egr-1, but not ␣-SRF, super-shifts H10 complex I. SS, Super-shift, indicated by white arrowheads. Complexes II-IV are unaltered after immunodepletion of Egr-1 from striatal nuclear extracts (NE). B, ␣-Egr-1 super-shifts complex I from oligonucleotide derived from the 5Ј UTR of striatal-enriched expressed genes, Baiap2, Ppp1r16b, and Klf16, and of Cpne2, a ubiquitously expressed gene. SS, Super-shift, indicated by white arrowheads. C, Two Sp1 binding sites were identified by Genomatix, the first of which is 15 nt upstream of the Egr-1 binding site and the second overlapping with that for Egr-1. Addition of ␣-Sp1 did not super-shift any of the H10 complexes. TSS, Transcription start site; I-VI, Ppp1r1b introns.
again used EMSA to determine whether these sequences from other genes bind striatal nuclear proteins in vitro. We tested sequences from five striatal-enriched genes (Drd3, Baiap2, Ppp1r16b, Klf16, and Penk1) in addition to Ppp1r1b and two nonstriatal genes (Cpne2 and Stra13). All the sequences tested except for Stra13 formed complexes similar to those seen with H10 with the nuclear extract from the adult striatum, albeit at different intensities. Complexes were not formed with brainstem extract. Examples with sequences derived from Drd3, Baiap2, Ppp1r16b, and Cpne2 are pictured in Figure 3D (lanes  5, 7, 9, 11 ). The sequences derived from genes other than Ppp1r1b formed an additional complex (complex A) with nuclear extracts from both striatum and brainstem. Also, several of the sequences, including H10 from Ppp1r1b, formed a complex between I and II (complex B).
Egr-1 binds to H10 in vitro and in vivo
We used Southwestern blotting to determine the approximate molecular weights of the H10-binding proteins. Brainstem nuclear extracts were used as a negative control. Relative to brainstem, at least four striatal-enriched proteins were found to bind H10 (Fig. 3E) , with estimated molecular weights at 130, 80, 60, and 45 kDa.
The H10-binding proteins were purified by affinity chromatography. The identities of the purified proteins were determined by MS (Table 1 ). The sequences included two TFs (Egr-1 and Sarnp), four transcription cofactors (Dhx9, Trim28, Nucleolin, and Rbm39), and two transcriptional activators (Psip1 and CAND1). Notably, the glucocorticoid receptor was not identified. We considered Egr-1 to be a strong candidate as a factor that binds to H10 in vitro based on its consensus binding site (5Ј-GCGC/GGGGCG-3Ј) and its molecular weight of 82 kDa. We confirmed binding of Egr-1 to H10 by the super-shift of complex I with the addition of ␣-Egr-1 to nuclear extracts from both embryonic and adult striata (Fig. 4 A, lanes 4, 10) . Immunodepletion of Egr-1 from striatal nuclear extract abolished formation of complex I but did not disrupt complexes II-IV, indicating that, although they bind the same site, they form independently of Egr-1 (Fig. 4 A, lane 14) . Finally, super-shift assay with addition of ␣-Egr-1 to the EMSA striatal mixes with sequences from Baiap2, Ppp1r16b, Klf16, and CpneII also resulted in a super-shift of complex I (Fig. 4 B) , indicating that Egr-1 binds to the 5Ј UTR of these genes in vitro.
To identify potential Egr-1 interacting proteins, we searched 30 nt upstream and downstream of H10. Worth noting, the addition of only 1 nt upstream of H10 identified an Egr binding site that falls on the binding site we identified by the mutational analysis. However, this nucleotide is clearly not required for binding of Egr-1, at least in vitro. In addition, we located an Sp1 binding site that overlaps with that for Egr, and another that was 15 nt upstream of the Egr binding site (Fig. 4C ). Sp1 and Egr-1 can act synergistically when located on neighboring elements (Lin and Leonard, 1997; Kaiser et al., 2000; Tai and Wong, 2003) or can antagonize each other by competing for the same site (Huang et al., 1997; Papanikolaou and Sabban, 2000; Davis et al., 2003; Tan et al., 2003) . To test both possibilities, we performed a super-shift assay on an oligonucleotide that contained both Sp1 elements. Although a complex appeared that migrates slower than the Egr-1 complex (complex C), the addition of ␣-Sp1, either alone or together with ␣-Egr-1, did not super-shift any of the complexes (Fig. 4C) . We concluded that Sp1 does not bind upstream of Egr-1 nor does it compete with Egr-1 at the complex I site.
To determine whether Egr-1 binds to H10 in vivo, we performed ChIP followed by quantitative real-time PCR analysis with mouse striatal chromatin. Chromatin from NIH-3T3 cells, which do not express DARPP-32, was used as a negative control. The primers were designed to amplify a 252 bp product that contains the identified Egr-1 binding site (sequences are in Materials and Methods). The percentage of the DNA recovered from the Egr-1 IP reaction was higher than with the IgG IP reaction from striatal chromatin (*p Ͻ 0.05) or the Egr-1 IP reaction from DARPP-32-negative NIH-3T3 cells (Fig. 5) .
Egr-1 is sufficient to induce DARPP-32 expression in primary striatal neurons and is necessary for induction of DARPP-32 by BDNF We next sought to determine whether Egr-1 is necessary and/or sufficient for expression of DARPP-32 in embryonic striatal neurons in vitro. Egr-1-IRES-EGFP plasmid (Beck et al., 2008) was transfected into primary striatal neurons via nucleofection and increased the percentage of DARPP-32-immunopositive cells from 6% in neurons transfected with empty vector to 15% in neurons transfected with the Egr-1-IRES-EGFP plasmid. Although only 8% of the neurons were transfected with Egr-1-IRES-EGFP, 79% (***p Ͻ 0.001) of the neurons expressing EGFP were also DARPP-32 immunopositive. Of the neurons that were GFP negative in the same wells, only 10% were DARPP-32 immunopositive. In comparison, in empty vector GFPtransfected neurons, only 15% of the EGFP-positive cells expressed DARPP-32, and 5% of the EGFP-negative neurons were DARPP-32 immunopositive (Fig. 6) .
BDNF induces expression of both DARPP-32 (Ivkovic et al., 1997 (Ivkovic et al., , 1999 and Egr-1 (Minichiello et al., 2002; Alder et al., 2003; Calella et al., 2007) , and addition of BDNF to primary striatal neurons led to an increase in Egr-1 protein after 90 min and an increase in DARPP-32 protein after 24 h (Fig. 7A) . We hypothesized that BDNF induces DARPP-32 expression via inducing Egr-1 expression, thereby increasing its binding to intron IV of Ppp1r1b gene, as shown in Figure 7B .
To determine whether Egr-1 is essential for induction of DARPP-32 by BDNF, we transduced embryonic striatal primary neuronal cultures with either an empty GFP adenovirus (AdGFP) or adnEgr-1. The adnEgr-1 construct contained the transcriptional repressor domain of the Wilms tumor protein WT1 (amino acids 1-307) at the N terminus of the Egr-1 DNA binding domain (amino acids 327-427) (Kundumani-Sridharan et al., 2010) , and Western blotting of WT1 confirmed the expression of adnEgr-1 (Fig. 7C) . Transduction of primary striatal neurons with adnEgr-1 slightly reduced DARPP-32 protein level relative to control (AdGFP). However, transduction of neurons with adnEgr-1 markedly reduced induction of DARPP-32 by BDNF (*p Ͻ 0.05) (Fig. 7C) .
To confirm that BDNF increases Egr-1 binding to Ppp1r1b gene, we tested the formation of the H10 complexes before and after treating primary striatal cultures with BDNF for 3 h. The intensity of all H10 complexes, including the Egr-1 complex, increased as early as 3 h after addition of BDNF (Fig. 7D, lanes 5, 6) . In addition, a slower migrating complex became apparent, which appeared similar to complex A in Figure 4 B. Complex B also appeared between I and II and became much more prominent during BDNF treatment. Egr-1 is a member of a family that includes Egr-2, Egr-3, and Egr-4, all of which are expressed in the striatum. Of these, Egr-2 is the likely candidate to be redundant with Egr-1, because it has a similar DNA binding site and is modulated by BDNF (Calella et al., 2007) . As shown in Figure 7D (lane 12), the addition of ␣-Egr-2 shifted complexes A and B. These results indicate that exposure to BDNF increases the binding of Egr-1 and Egr-2 to Ppp1r1b.
Discussion
This report is part of our continued effort to identify mechanisms of MSN-specific gene expression. We have previously identified a combination of Ppp1r1b genomic regulatory regions, including introns, that directs transgene expression to MSNs (Bogush et al., 2005) and, conversely, does not permit expression in other regions that express endogenous DARPP-32. The next major goal is to identify the required TFs and the sequences to which they bind. In this study, we identified a conserved sequence, also known as H10, in the Ppp1r1b intron IV and demonstrated that the TF Egr-1 binds to this region in vitro and in vivo. Functionally, we showed that Egr-1 is sufficient to induce DARPP-32 expression in striatal-derived embryonic neurons and is required for induction of DARPP-32 by BDNF. It is important to note that BDNF induces expression of ␤-galactosidase (␤-gal) in neurons prepared from mice transgenic for D9 -IRES-␤-gal, verifying that D9 contains BDNF-responsive sequences. D9 -IRES-␤-gal was derived by replacing the Cre recombinase cDNA with the ␤-galactosidase cDNA (Bogush et al., 2005 ; A. Bogush, B. Tang, K. Tang, E. A. Thomas, M. E. Ehrlich, unpublished observations).
We and others have previously reported that BDNF induces DARPP-32 transcription in MSNs (Ivkovic and Ehrlich, 1999) via phosphatidylinositol 3-kinase/Akt and Cdk5 pathways and is independent of ERK (Stroppolo et al., 2001; Bogush et al., 2007) . The Egr-1 promoter contains both an SRE (serum response element) and a CRE (cAMP response element) (Knapska and Kaczmarek, 2004 ). In the hippocampus, BDNF induces the expression of Egr-1 via the activities of TrkB, MEK, CaMK, PLC␥, and CREB (Minichiello et al., 2002; Alder et al., 2003) . In the striatum, BDNF induces the phosphorylation of Elk-1, which targets the SRE site on Egr-1 (Gokce et al., 2009) . Of note, however, the latter pathway is ERK dependent. BDNF also transiently increases phosphorylation of CREB in MSNs (Stroppolo et al., 2001) , and it is possible that DARPP-32 induction by BDNF is in part dependent on Egr-1 induction by phosphorylated CREB. This process, however, must be context specific because other inducers of CREB phosphorylation, most notably dopamine and its agonists, do not alter expression of DARPP-32 in MSNs Grebb et al., 1990) .
The striatum develops from the lateral ganglionic eminence, and the first MSNs to mature are located in patches and the lateral streak, whereas later-born neurons populate the matrix (van der Kooy and Fishell, 1987) . The mature, terminal phenotype of the MSN is characterized by DARPP-32 and other markers (Desplats et al., 2006; Lobo et al., 2006) . Many of these, including DARPP-32, are enriched in patch neurons during the embryonic period and become more diffusely expressed as matrix neurons mature. Others, of course, remain confined to the patch compartment. Relative to other embryonic brain regions, Egr-1 is enriched in the striatum. In the adult, it is expressed in multiple brainstem nuclei and in the striatum (Wells et al., 2011) , and it is obviously induced in multiple regions after neuronal activation. Within the embryonic striatum, Egr-1 is further enriched in patches, perhaps suggesting a developmental, regulatory role ( hypothesizes that a mature neuronal subtype is determined by a group of TFs that induce a specific set of genes, which together comprise a "regulon," a term previously restricted to prokaryotes. Furthermore, cismotifs may be bound by multiple TFs, creating a system for coordinated, master, regulation of phenotype (Flames and Hobert, 2011) . Thus, we show that the H10 binding sequence is more frequently found in striatalenriched genes and that Egr-1 binds to these sequences in vitro in the presence of distinct flanking sequences. Thus, Egr-1 may induce additional markers of the mature MSN.
Egr-1 is a ubiquitously expressed immediate early gene, usually associated with neuronal plasticity after stimuli that alter intracellular calcium stores (Knapska and Kaczmarek, 2004; Thiel et al., 2010) . Despite its widespread expression, many examples exist of regulation of cellspecific markers by Egr-1, both within and outside the nervous system (Boyle et al., 2009) . Tissue-specific expression of proteins may be mediated by cell-specific TFs but also by unique combinations of ubiquitously expressed TFs (Hobert et al., 2010) . For example, Egr-1 acts synergistically with NFATc to regulate expression of the IL-2 gene in T lymphocytes by binding independently to adjacent sites within the IL-2 gene promoter (Decker et al., 1998) . Thus, it is unlikely that Egr-1 alone can induce the DARPP-32 phenotype in precursors that have not yet committed to the MSN lineage but may be sufficient once the neurons are committed. In both cases, therefore, Egr-1 almost certainly acts in concert with other TFs, because induction of Egr-1 in most cell subtypes does not induce DARPP-32. For example, Egr-1 is required in part for BDNF induction of the tyrosine hydroxylase promoter (Fukuchi et al., 2010) , but DARPP-32 is not expressed in aminergic neurons.
Conversely, the adult Egr-1-null mouse has a normal level of striatal DARPP-32 (Valjent et al., 2006) , indicating that Egr-1 is ultimately not necessary for expression of DARPP-32 in vivo. Importantly, development of the striatum in the absence of Egr-1 has not been examined, and we know that, in the BDNF-null mouse, DARPP-32 expression is reduced early but normalizes during the second postnatal week (Ivkovic et al., 1997) . Also, because we show that Egr-2 binds to the same H10 binding site as does Egr-1, Egr-2 may substitute for Egr-1. An Egr-2 regulated transcription network has been suggested to exist in the striatum, downstream of the adenosine A 2A receptor. However, the involvement of Egr-2 in regulating DARPP-32 transcription in vivo remains to be determined.
Our data are highly relevant to the pathophysiology of diseases in which the striatum plays a role and their potential therapies. Notably, Egr-1 levels are specifically decreased in the dorsal subregion of the striatum in R6/2 mouse model of HD (Spektor et al., 2002) and are elevated in the striatum after exposure to drugs of abuse (Valjent et al., 2000 (Valjent et al., , 2006 . More important perhaps is the potential contribution to cell replacement therapy and to the use of induced pluripotent stem (iPS) cells for the study of disease mechanisms. At this juncture, these approaches are hampered by the inability to induce large numbers of striatal subtype-specific neurons that are physiologically active and able to properly integrate into the CNS. Evidence is accumulating that the forced expression of neuronal subtype-specific TFs is able to re-program cells, e.g., fibroblasts, and to convert embryonic stem cells and iPS Figure 7 . BDNF increases binding of Egr-1 to H10 and requires Egr-1 to induce DARPP-32 expression in vitro. A, Egr-1 level increases 1.5 h after addition of BDNF to primary striatal neurons. Western blot was performed on total cellular lysates. As reported previously, DARPP-32 level is increased 24 h after treatment. B, The schematic shows how BDNF leads to the induction of DARPP-32 expression after upregulation and binding of Egr-1 to intron IV of the Ppp1r1b gene. C, Egr-1 function is inhibited in BDNF-treated primary striatal neurons via transduction with adnEgr-1 adenovirus (Kundumani-Sridharan et al., 2010) , leading to a decrease in induction of DARPP-32 by BDNF. WT1 antibody was used to confirm the transduction of the fusion protein (*p Ͻ 0.05, **p Ͻ 0.01). Error bars indicate SEM. D, EMSA with equal amounts of nuclear extract from treated and untreated neurons shows that BDNF enhances Egr-1 and Egr-2 binding to H10 3 h after treatment. * Indicates nonspecific complexes, i.e., not quenched by competitor. NE, Nuclear extract; SS, super-shift; TSS, transcription start site.
to a specific phenotype (Caiazzo et al., 2011; Son et al., 2011; Sánchez-Danés et al., 2012) . Perhaps the most successful MSN differentiation program to date is that of Aubry et al. (2008) in which neural precursors are treated with BDNF and then with BDNF and valproic acid for terminal differentiation into MSNlike neurons. Multiple markers were assayed, although not their colocalization, and only extrinsic signals were used to induce differentiation. In addition to our findings, Egr-1 was recently identified in a novel SOX2-positive neuronal progenitor cell population in developing NeuN-positive striatal neurons, indicating a role for Egr-1 in both intermediate and terminal differentiation of MSNs and perhaps in maintenance of the differentiated phenotype (Wells et al., 2011) .
In summary, our study is the first to identify a TF, Egr-1, that directly interacts with and regulates Ppp1r1b gene expression in MSNs. In addition, we demonstrate that it acts downstream of BDNF, a major regulator of DARPP-32 and other markers of the differentiated MSN. As we continue to identify specific TFs that can directly induce DARPP-32, it will be critical to test them for their utility in driving an MSN phenotype, the identification of which should include multiple, colocalized markers and physiological properties.
